ABSTRACT Two major RNA species were found in several clonal isolates of avian erythroblastosis virus (AEV) and avian erythroblastosis-associated helper virus (AEAV) complexes: one of 8.7 kilobases (kb), the other of 5.5 kb. The 5.5-kb species was identified as AEV RNA because (i) it was absent from nontransforming AEAV isolated from the same virus complex, (ii) it was present in complexes of AEV and different helper viruses, and (iii) its structure is similar to that of avian acute leukemia viruses of the MC29 group. Molecular hybridization indicated that 54% of AEV RNA is specific and 46% is related to other viruses of the avian tumor virus group, particularly to AEAV, therefore termed group-specific. The genetic structure of AEV RNA was deduced by mapping oligonucleotides representing specific and group-specific sequences and by comparing the resulting map to maps of AEAV and of other avian tumor viruses derived previously. AEV RNA contains a gag gene-related, 5' group-specific section of 1 kb, an internal AEV-specific section of 3 kb unrelated to any other viral RNA tested, and a 3' group specific section of 1.5 kb. The 5' section of AEV RNA is closely related to analogous 5' sections of the MC29 group viruses and is homologous with a 5' RNA section that is part of the gag gene of AEAV. The 3' section is also shared with AEAV RNA and includes a variant C-oligonucleotide near the 3' end that is different from the highly conserved counterparts of all other exogenous avian tumor viruses. By analogy with Rous sarcoma virus and the acute leukemia viruses of the MC29 group, the internal specific section of AEV RNA is thought to signal a third class of onc genes in avian tumor viruses. Comparisons with AEAV and the MC29 group viruses suggest that both the 5' gag-related and the internal specific RNA sections of AEV are necessary for onc gene function.
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Avian erythroblastosis virus (AEV) has a broad oncogenic spectrum including erythroblastosis, carcinoma, and sarcoma formation in the animal and morphological transformation of chicken fibroblasts in cell culture (1) (2) (3) (4) (5) (6) 9) . Because AEV is defective in replicative genes of avian tumor viruses, it requires a nondefective helper virus for replication (4) (5) (6) . On the basis of these properties, AEV has been classified as a defective avian acute leukemia virus (5) . The oncogenic spectrum of AEV overlaps with the spectra of a group of three other avian acute leukemia viruses, named after the group's prototype MC29 (7) , and also with the spectrum of avian sarcoma viruses (3, 5, 6, 8) . Each of these viruses may cause sarcomas in the animal and transform fibroblasts in culture. In addition, both AEV and MC29 may cause erythroblastosis and carcinomas in the animal (3, 9) . Thus, different viruses cause similar transformation, albeit with specific parameters (3) . Therefore, the question as to whether the transforming onc gene of AEV is related to the onc genes of the above viruses or is AEV specific remained open.
The onc genes of several strains of avian sarcoma viruses have been identified by deletion and recombination analyses involving nondefective viruses and have been shown to belong to a related class of ribonucleotide sequences termed src genes (10) (11) (12) . By contrast, the onc genes of acute leukemia viruses have not as yet been genetically defined because deletion and recombination analyses involving secondary biological markers could not be carried out due to the defectiveness of these viruses in all three replicative genes (5, 13). However, the genetic structure of the MC29 group viruses has been determined by identifying viral RNA and comparing it to RNAs of nondefective helper and sarcoma viruses (7, (14) (15) (16) RNA. Preparation and analysis of radioactive viral RNA followed published procedures (7, (14) (15) (16) 4 and 6 in AEV(AEAV) stocks and at molar ratios of over 10 in AEV(RAV-1) stocks. To obtain an AEV pseudotype in which the 5.5-kb RNA species was present at near equimolar ratio, as is necessary for biochemical analysis (14) , clonal colonies of transformed cells were prepared by infecting chicken embryo fibroblast cultures with foci of AEV-transformed cells, picked from cultures infected at low multiplicity of infection. Electrophoretic analysis of monomer RNA species of AEV(AEAV) clone 78-3 is shown in Fig. 1A . It can be seen that the large RNA species migrated slightly slower than the 8.5-kb RNA of MC29-associated helper virus (MCAV) and that the smaller RNA species migrated slightly ahead of the 5.7-kb MC29 RNA standard (14, 15) . On the basis of their electrophoretic mobilities relative to those of the MC29 standards, the large RNA species of AEV(AEAV) was estimated to measure 8.7 kb and the smaller one to measure 5.5 kb (18) . (Fig. 1C) . On this basis, and by analogy with the RNAs of MC29 group viruses (7, (14) (15) (16) , it is concluded that the 8.7-kb RNA species is the RNA of AEAV and that the 5.5-kb species is the RNA of AEV.
Specific and Group-Specific Sequences of AEV RNA. The 5.5-kb AEV RNA and 8.7-kb AEAV RNA were prepared electrophoretically (Fig. 1A) (14, 15) and digested with RNase T1. The T1 oligonucleotides were analyzed by two-dimensional fingerprinting. It can be seen in Fig. 2 that AEV RNA contained about 24 and AEAV RNA about 35 large T1 oligonucleotides. Table 1 ). Some, but not all, AEAV-specific oligonucleotides were also present in the fingerprint of AEV RNA at low molar ratios compared to the major AEV oligonucleotides (Fig. 2B ). They were parenthesized and numbered as in Fig. 2A . These probably reflect degraded AEAV RNA coelectrophoresing with AEV RNA. This contamination of AEV RNA was estimated as 25% from the hypothetical distribution of degraded AEAV RNA ih To determine whether AEV contains RNA sequences that are more distantly related to the specific sequences of the MC29 group or to src than would be detected by the criterion of shared Ti oligonucleotides (a criterion that is sensitive to single base changes), AEV RNA was hybridized to cDNAs of these viruses. The cDNAs used here are the same as those described previously and hybridized about 90%o of their original RNA templates under our conditions-i.e., at-20-to 80-fold excess over RNA (14) (15) (16) . About 55% of AEV RNA was hybridized by cDNA of Prague Rous sarcoma virus B (PR-B) or by transformationdefective (td) PR-B, which lacks the src gene of avian sarcoma viruses (10), indicating that AEV lacks src-related sequences. In addition, no more AEV RNA was hybridized by a combination of PR-B and MC29 [ring-necked pheasant virus (RPV)] cDNAs than was hybridized by each cDNA alone (Table 2) , which indicates that no sequences related to the specific sequences of the MC29 group are present in AEV RNA. If present in 5.5-kb AEV RNA, the src sequences (1.5 kb; ref. 10) or the specific sequences of the MC29 group (2 kb; refs. 7 and 14-16) would have represented at least 25% of AEV RNA and would have been detected by our assay. The T1 oligonucleotides of AEV RNA that were hybridized by PR-B cDNA (nos. 102, 108, 113, 114, and 117) (Fig. 2C) and.those that were hybridized by td PR-B or PR-B and MC29(RPV) cDNAs were identical (not shown) and were a subset of those that AEV shares with AEAV RNA (Fig. 3) . As expected, the hybrid analyzed in Fig. 2C also included AEAV-specific oligoiiucleotides from AEAV RNA contaminating our AEV RNA These experiments confirm that AEV and the above viruses share group-specific sequences and that AEV is more closely related to AEAV than it is to PR-B, td PR-B, and MC29(RPV), because fewer oligonucleotides were recovered than are shared with AEAV.
'The maximal percentage of group-specific sequences in AEV RNA was estimated at 46% on the following basis: Our preparation of AEV RNA was hybridized 55% by PR-B and td PR-B cDNAs (Table 2 ). Because this RNA was about 25% contaminated by AEAV RNA, which hybridized 82% with the same cDNAs ( Table 2) , we calculate that pure AEV RNA was 46% hybridized. Again, this result is in agreement with the finding that 10 out of 24 AEV .Qligonucleotides were shared with AEAV and some of these also with PR-B and MC29(RPV) and thus represent group-specific sequences of AEV RNA. (PR-B) (C). (A, B) The 8.7-and 5.5-kb RNAs of AEV(AEAV) were prepared electrophoretically as described for Fig. 1 and fingerprinted by using a pH 2.5 formic acid buffer in the electrophoretic dimension (20) and otherwise as described previously (7, (14) (15) (16) . Numbers refer to T1 oligonucleotides whose RNase A-resistant fragments were determined (Table 1) . AEAV oligonucleotides thought to derive from degraded AEAV RNA contaminating our preparation of 5. Oligonucleotide Maps of AEV and AEAV RNA Compared. To determine the distribution in AEV RNA of AEV-specific oligonucleotides and oligonucleotides that are shared with AEAV RNA and with RNAs of other avian tumor viruses mapped previously (7, 11, 12, 15, 21, 22) , oligonucleotide maps of AEV and AEAV RNAs were prepared. The order of the oligonucleotides relative to the 3'-poly(A) coordinate of viral RNA was deduced from the size of the smallest poly(A)-tagged RNA fragment in which a given oligonucleotide could be detected by fingerprinting (21) . The resulting AEV map showed an internal cluster of 14 AEV-specific oligonucleotides (hatched in Fig. 3 ) between 1.5 and 4.5 kb. The external 1-kb 5' and 1.5-kb 3' map segments of AEV RNA had homologous counterparts in analogous map locations in AEAV RNA (Fig. 3 (22, 23) ( Table 1 ). The 3' group-specific map segment of AEV RNA did not share a large T1 oligonucleotide with the 3' segments of other acute leukemia viruses of the MC29 group or with known nondefective viruses other than AEAV. However, the map location and composition of no. 108, the 3'-most oligonucleotide of AEV RNA, suggests that it is a variant of the C-oligonucleotide (21) , which is highly conserved among all exogenous avian tumor viruses (7, 15, 21, 22) .
It is shown in Fig. 3 that AEAV RNA contained a large internal map segment that is not shared with AEV RNA. This segment of AEAV RNA shared with nondefective avian tumor viruses mapped previously (7, 11, 12, 21, 22) highly conserved oligonucleotides of pol and env genes and probably also conserved gag-oligonucleotides not shared with AEV. This result explains the defectiveness of AEV in these genes.
DISCUSSION
Genetic Structures of AEV and of MC29 Group Viruses Are Related. Our results indicate that the RNA of AEV is a 5.5-kb polynucleotide that consists of an internal specific section flanked by two external group-specific sections. The 5' group-specific section of AEV RNA is gag gene related and also closely related to the 5' sections of the viruses of the MC29 group. The 3' group-specific section of AEV is identified as group-specific by its close relationship to AEAV, with which it shares all T1 oligonucleotides, and by a variant C-oligonucleotide (no. 108), which has a closely related counterpart, C, in all exogenous avian tumor viruses studied (7, 15, (21) (22) (23) . In addition, the 3' section is indirectly identified as group-specific by hybridization with cDNAs of other viruses, which hybridize more of AEV RNA (45%) than would be expected from a shared 5' section of 1 kb (about 20%). However, the hybrids formed between the 3' section of AEV RNA and cDNAs of PR-B and MC29(RPV) were apparently not matched well enough to allow large T1 oligonucleotides other than the C-oligonucleotide, no. 108, to survive the RNase T1 treatment used here to remove unhybridized RNA (Fig. 2C) . Thus, the 3' section of AEV RNA is not closely related to the avian tumor viruses tested, except AEAV. This appears typical also of the acute leukemia viruses of the MC29 group, which have 3' sections that are not closely related to each other but are closely related to RNAs of their helper viruses (7, 24) . Hence, the basic genetic structure of AEV RNA is very similar to that of the acute leukemia viruses of the MC29 group. However, the internal RNA sequence of AEV is unrelated to, and about 1 kb larger than, the conserved, internal 2-kb sequences of the MC29 group viruses. It is not yet clear whether AEV RNA contains env-related sequences as the MC29 group viruses do. Conceivably, the specific sequence of AEV is larger than that of MC29 because it includes env-sequences shared with presently unknown viruses.
The finding of isogenic 5' and 3' RNA sections in AEV and AEAV (Fig. 3) (14) .
t RNAs were prepared as described for Fig. 1 and in refs. 14-16. cDNAs were the same as those described previously (14) or were prepared in the same way. § Numbers are normalized based on the 90% efficiency of our cDNAs in hybridizing to their original RNA templates (14) . (7, 24) . Genetic variants of AEV need to be studied to confirm this for AEV. However, the above comparison with AEAV supports this view and has already shown that the 3' section of AEV RNA is not a specific determinant of onc. We conclude that the onc gene of AEV includes sequence elements of the 5' gag-related and the internal specific sections of AEV RNA. The notion that both the 5' gag-related and the internal specific RNA sections of AEV and of the MC29 group viruses are necessary for oncogenicity is consistent with the findings that these RNA sections together code for presumably transforming, nonvirion, gag-related proteins (7, 15, 25, 26) .
Multiple Transforming Genes in Avian Tumor Viruses. Two classes of transforming onc genes have been distinguished in avian tumor viruses: the src genes of sarcoma viruses, and the onc genes of the MC29 group diagnosed by their related specific sequences (7, (14) (15) (16) 27) . Because the specific sequence of AEV is unrelated to the sequences of the other two groups of onc genes, it represents a third class of transforming gene. An additional class of specific sequences may be expected in avian myeloblastosis virus, which differs from the viruses compared here in its inability to transform fibroblasts in cell culture (3, 8) . Hence, we conclude that multiple transforming genes exist in the avian tumor virus family.
The genetic structures of defective murine sarcoma and acute leukemia viruses also suggest that multiple onc genes exist in the murine tumor virus family. Like the avian viruses studied here, the RNAs of the defective transforming murine viruses range between 5 and 7.5 kb in size and contain external helper
